The purpose of this study was to determine the 10-yr cumulative incidence of hearing impairment and associations of education, occupation and noise exposure history with the incidence of hearing impairment in a population-based cohort study of 3753 adults ages 48-92 yr at the baseline examinations during 1993-1995 in Beaver Dam, WI. Hearing thresholds were measured at baseline, 2.5 yr-, 5 yr-, and 10-yr follow-up examinations. Hearing impairment was defined as a pure-tone average (PTA) > 25 dB HL at 500, 1000, 2000, and 4000 Hz. Demographic characteristics and occupational histories were obtained by questionnaire. The 10-yr cumulative incidence of hearing impairment was 37.2%. Age (5 yr; Hazard Ratio (HR) = 1.81), sex (M vs W; HR = 2.29), occupation based on longest held job (production/operations/farming vs others; HR = 1.34), marital status (unmarried vs married; HR = 1.29) and education (<16 vs 16 + yr; HR = 1.40) were associated with the 10 yr incidence. History of noisy jobs was not associated with the 10-yr incidence of hearing impairment. The risk of hearing impairment was high, with women experiencing a slightly later onset. Markers of socioeconomic status were associated with hearing impairment, suggesting that hearing impairment in older adults may be associated with modifiable lifestyle and environmental factors, and therefore, at least partially preventable.
Introduction
Although age-related hearing loss, or presbyacusis, has been regarded as a part of normal aging, growing scientific evidence suggests that hearing loss may be another preventable age-related disorder such as atherosclerosis, cardiovascular disease or osteoarthritis (Cruickshanks et al., 2010) . Human studies have demonstrated cross-sectional associations between hearing loss and modifiable factors including education, smoking, and occupation (Cruickshanks et al., 1998a; Popelka et al., 2000; Helzner et al., 2005; Torre et al., 2005 . Agrawal et al., 2008 ). Animal models have suggested possible interventions to reduce the occurrence of hearing loss in aging (Chen et al., 2007; Tanaka et al., 2009 ). There have been few longitudinal studies of hearing in aging adults (Gates and Cooper, 1991; Brant et al., 1996; Cruickshanks et al., 2003; Lee et al., 2005) and to our knowledge, no other population-based studies of the long-term risk of developing hearing impairment. Such studies are essential to quantify the risk of developing hearing impairment and identify factors associated with the risk of hearing loss.
Prolonged exposure to loud noise in occupational settings has long been recognized as a cause of hearing loss in working age adults but the long-term effect of occupational noise exposure, after the noise exposure has stopped, is controversial (Lee et al., 2005; Gates et al., 2000) . Subclinical damage accrued during employment may leave the cochlea with reduced residual function, placing the ear at higher risk for hearing impairment, or noise effects may only result in apparent damage during the exposure, detectable as threshold shifts. It is possible that the effect of occupational noise on hearing has been over-estimated by failing to control for other factors which may affect hearing and the possible protective effects of moderate exposure to noise which may act to ''toughen" or protect the ear from damage during subsequent exposure to excessive noise (Subramaniam et al., 1991; Boettcher et al., 1992) . Occupations associated with noise exposure are strongly associated with having less education which may be a marker for many unhealthy lifestyle attributes (Power et al., 2008) . Socioeconomic status (SES), usually measured by education, income, or occupation, has been found to be an independent determinant of risk of cardiovascular disease, subclinical atherosclerosis, diabetes, arthritis, and early mortality, even when controlling for known established risk factors (Marmot et al., 1991; Dalstra et al., 2005; Kaplan and Keil, 1993) .
In the Epidemiology of Hearing Loss Study (EHLS), low education was associated with an increased 5-yr incidence of age-related hearing impairment (Odds Ratio (OR) = 2.37, less than high school vs college or greater), when adjusting for age, sex, and occupation . Although participants who had been employed in production and fabrication occupations also experienced a higher risk of hearing loss, noise exposure history was not associated with the 5-yr incidence of hearing impairment. These results suggested that SES indicators may be markers for more complex social and behavioral factors which influence the health of aging ears.
In this earlier study, we reported that about half of the participants with hearing impairments at the baseline examination experiences further declines of hearing (progression) . Age, but not sex, occupation, education, or history of noise exposure was associated with the 5-yr risk of progression . Identifying factors associated with the continued loss of hearing may lead to secondary prevention opportunities to slow the rate of deterioration in hearing. The long-term impact of occupational exposure to noise is of interest as some (Gates et al., 2000) , but not others (Lee et al., 2005) , have suggested that noise exposure may lead to accelerated rates of hearing declines for many years.
The purpose of this paper was to determine the 10-yr cumulative incidence and progression of hearing impairment and the effects of occupation, occupational noise exposure history, and education, on the 10-yr incidence and progression of hearing impairment.
Methods

Population
During 1987-88, a private census was conducted to identify residents of the city or township of Beaver Dam who were ages 43-84 yr (Linton et al., 1991) . This cohort subsequently was invited to participate in the Beaver Dam Eye Study, a study of age-related ocular disorders (Klein et al., 2001) . Of the 5924 eligible people, 4926 (83%) participated in the eye examination phase . Beaver Dam Eye Study participants alive as of March 1, 1993 were eligible for the baseline examination for the Epidemiology of Hearing Loss Study (EHLS; n = 4541) which occurred at the time of the 5-yr follow-up visit for the eye study (Cruickshanks et al., 1998b) . Of those eligible for the EHLS, 3753 (82.6%) participated in the baseline hearing study, 180 (4.0%) died prior to being seen, 604 (13.3%) refused to participate, and 4 (0.1%) were lost to follow-up (Cruickshanks et al., 1998b) .
Participants 75 yr of age or older in 1995 were re-examined for a 2.5 yr follow-up (n = 801). The entire cohort was invited to a 5-yr follow-up examination (1998) (1999) (2000) . Of the 3407 EHLS participants alive as of March of 1998, 2800 (82.2%) of the survivors participated in the 5-yr follow-up study, 436 (12.8%) refused, 164 (4.8%) died prior to being seen, and 7 (0.2%) were lost to followup. During 2003 During -2005 During , 2395 (82.5%) of the survivors participated in the 10-yr follow-up study, 259 (8.9%) died prior to being seen, and 248 (8.5%) refused or were lost to follow-up. .
Among participants seen at the 10-yr follow-up the average length of follow-up was 10.1 yr. Participants in the 10-yr followup examination were younger than non-participants (Table 1 , p < 0.001). After adjusting for age and sex, non-participants were less educated, less likely to have been employed in managerial or professional occupations, and more likely to have a hearing loss at baseline. There were 1925 participants with normal hearing at the baseline examination, and therefore at risk of developing hearing impairment during the follow-up period. Of these, 1636 (89.1% of the 1837 alive in 1998) participated in 5-yr follow-up examinations and 1465 (91.6% of the 1600 alive in 2003) participated in the 10-yr follow-up examinations. This study was approved by the Health Sciences Institutional Review Board of the University of Wisconsin.
Examinations
Informed consent was obtained at each examination. The same standardized methods were used at each examination which included an otoscopic evaluation, screening tympanogram (GSI 37 Autotymp, Grason-Stadler, Inc., Madison, WI), and pure-tone airand bone-conduction audiometry (Nondahl et al., 1996; Cruickshanks et al., 1998b) . Audiometric testing was conducted according to the guidelines of the American Speech-LanguageHearing Association (AHSA, 1987) in sound-treated booths. Puretone air-conduction thresholds (measured in dB Hearing Level (HL)) were obtained for each ear at 500, 1000, 2000, 3000, 4000, 6000 and 8000 Hz. Bone-conduction thresholds were measured at two frequencies at baseline (500 and 4000 Hz) and three at each follow-up examination (500, 2000 and 4000 Hz). Masking was used as necessary.
At the baseline examination Virtual 320 clinical audiometers (Virtual Corporation, Seattle, WA) equipped with TDH-50 earphones and insert earphones were used. At the follow-up examinations, GSI 61clinical audiometers (Grason-Stadler, Inc., Madison, WI) equipped with TDH-50 earphones and insert earphones were used. Participants seen outside of the field examination site were tested using a Beltone 112 portable audiometer (Beltone Electronic Corp., Chicago, IL). All audiometers were calibrated and were recalibrated every 6 months during the study periods (ANSI, 1996 (ANSI, , 2004 . Ambient noise levels were measured at each home or nursing home visit and were routinely monitored at the field examination site at the Beaver Dam Community Hospital to ensure that testing conditions complied with ANSI standards (ANSI, 1991 (ANSI, ,1999 .
A questionnaire including occupational history was administered as an interview at the baseline and follow-up examinations. Questionnaire data on educational attainment were obtained as part of the Beaver Dam Eye Study examinations in the same cohort.
Definitions
At baseline, the presence of hearing impairment was defined as a pure-tone average (PTA) of thresholds at 500, 1000, 2000 and 4000 Hz greater than 25 dB HL in either ear (Cruickshanks et al., 1998b) . Analyses of the incidence of hearing impairment were restricted to participants (n = 1925) who were at risk for incident hearing impairment at the baseline examination (PTA in each <25 dB HL at baseline). Incident hearing impairment was defined as a PTA > 25 dB HL in either ear at a follow-up examination among participants at risk for incident hearing impairment (i.e., normal hearing at baseline).
Participants with a hearing impairment at baseline (PTA > 25 db HL in either ear) were included in the analyses evaluating progression of hearing impairment if the PTA in the worse ear was less than 100 dB HL (Cruickshanks et al., 1998b) . There were 29 people with hearing impairment at baseline with a PTA > 100 dB HL who were excluded from analyses because their hearing thresholds at baseline were near the limits of measurement. Progression of hearing impairment was defined as a PTA at follow-up that was more than 5 dB greater than the baseline PTA. Participants with normal hearing at the baseline examination were excluded from these analyses of progression.
Marital status at baseline was defined as married or not married, including single, widowed or divorced, although indicator variables were used to test effects of each category before combining them. Years of education was classified as less than 16 yr vs 16 or more (less than college graduate or college graduate or more) after exploring effects of other groupings using indicator variables.
Occupations were coded according to the 1980 census classifications: managerial/professional, technical/sales/administration, service, farmer/forestry/fishing, production/crafts/repair, and operator/fabricator/laborer. Major occupation was classified on the basis of the job held the longest. After exploring the effects using indicator variables, occupation was grouped into two groups: production, operator or farmer and managerial, technical or service. In addition, current job classification was defined as the job held at the baseline examination, among those employed at baseline. History of a noisy job (ever) was defined as ever holding a fulltime job where one needed to speak in a raised voice or louder to be heard by someone two feet away, being a farmer and driving a tractor without a cab, or having served in the military as a pilot, airplane or tank crew member, or worked in the engine room of a ship, or used grenades, mortars, shoulder-held grenade launchers or multi-person weapons systems. Current noisy job (at baseline) was computed for those employed at baseline.
Analyses were conducted using SAS version 9.1 software (SAS Institute, Inc., Gary, NC). Univariate analyses used the chi-square test of association for categorical variables, Mantel Haenszel chi-square test of trend for ordinal data (Mantel, 1963) , and t-tests of mean differences for continuous data. Age-adjusted comparisons between participants and non-participants (Table 1) utilized the CochranMantel-Haenszel statistic for general association as did age-adjusted comparisons of prevalence and incidence rates between men and women (Landis et al., 1978) . Product-limit (Kaplan-Meier) survival estimates were used to calculate cumulative incidence and progression (Kaplan and Meier, 1958; Cox and Oakes, 1984) . The discrete hazards of hearing loss developing or progressing were compared with the Cox proportional hazards models (Cox, 1972) , using the discrete-time version because of the relatively small number of follow-up intervals. These models were used to evaluate the associations of age, gender, socioeconomic and occupational factors and the incidence and progression of hearing loss.
Results
Incidence
The 10-yr cumulative incidence of hearing impairment was 37.2% (Table 2 ). The incidence was higher in older age groups and higher among men than women. The 10-yr cumulative incidence was about twice the 5-yr incidence rate among the youngest age groups but not among those 70 yr of age or older. Fig. 1 shows the sex-specific survival curves using incidence of hearing impairment as the outcome and demonstrates that women develop hearing impairments about 6 yr later than men. The mean age at onset was 74 yr for women vs. 68 yr for men (p < 0.0001). The mean PTA at baseline for participants at risk of hearing impairment was 14.8 dB.
Progression
Among those with a baseline hearing impairment, most experienced a further decline in hearing, as the PTA worsened in 80.4% of these participants (Table 2 ). Among participants less than 60 yr of age at baseline, the 10-yr progression rate was about twice the 5-yr rate, but slowed for older age groups. Age-specific progression rates differed little between men and women. Fig. 2 shows the sex-specific survival curves using progression of hearing impairment as the outcome and indicates that the gender gap was about 5 yr, similar to gap in incidence. The mean age at progression was 79 yr for women vs. 74 yr for men (p < 0.0001).
Education, occupation, and occupational noise exposure
Age and sex were associated with increased risk of developing hearing impairments during the 10-yr follow-up period (Hazard Ratio (HR) = 1.81 for 5 yr of age and 2.29 for men vs women) (Table 3, Model 1). In addition, less education (HR = 1.40), being unmarried (HR = 1.29), and in the production, operator or farmer occupation group (POF) for the longest held job (HR = 1.34) were associated with the incidence of hearing impairment. On average, the reported duration of the longest held job was 22 yr. Education and occupation were strongly associated (p < 0.0001); participants whose occupation was in the POF group were less likely to have attended or graduated from college than people working in other sectors (88.5% vs 53.6%). Not all participants with jobs in the POF occupation group were exposed to loud noise at work. Among those at risk for incident hearing impairment, only 46.6% of the 414 people working in these sectors also reported having to speak in a raised voice or louder to be heard at work. In addition, people may have acquired significant noise exposure in other jobs or through military service. To assess the effects of noise at work, a similar model was constructed including history of a noisy job (Table 3, Model 2). A positive history of occupational noise exposure was not associated with the cumulative incidence of hearing impairment (Table 3, Restricting analyses to those employed at the baseline examination, neither current occupation (Table 4 , Model 1; HR = 1.14, 95%CI = 0.81, 1.61) nor having reported holding a noisy job (Table 4 , Model 2; HR = 1.16, 95%CI = 0.81, 1.66) were associated with risk of incident hearing impairment during the 10-yr follow-up period. Age, sex, and education remained statistically significant predictors in both models (Table 4) , and marital status was significant in model 2 but not model 1, although the effect size estimates were similar.
In analyses with progression of hearing impairment as the outcome, only age (HR for 5 yr = 1.37, 95%CI = 1.29, 1.46) and sex (HR men vs women = 0.77, 95%CI = 0.60, 0.97) were significantly associated with risk of increased hearing loss. Neither occupation (longest or current) nor reported employment in noisy jobs (longest or current) were associated with risk of progression.
Discussion
Results from this population-based cohort study indicate that the 10-yr cumulative incidence of hearing impairment was high, consistent with our previous report with shorter follow-up time . Among younger age groups, the 10-yr rate was about twice the 5-yr rate. While this pattern was less consistent at older ages, that may reflect the effects of selective survival. There are no other long-term incidence studies with which to compare these findings but they suggest that the risk of hearing impairment remains high at older ages. There does not appear to be a risk period after which one is likely to remain free of hearing impairment. In fact, age was significantly associated with the incidence, indicating that older adults are at higher risk than younger adults.
Although the U.S. Preventive Services Task Force has recommended that clinicians question their older patients about hearing impairments and provide counseling about hearing aids, these recommendations are currently being updated (USPSTF). Medicare does not usually cover associated treatment costs associated with hearing aids. Hearing impairment results in significant difficulty with communication, has been linked to depression and social isolation, and associated with lower quality of life (Weinstein and 
Table 3
Cox proportional hazards model for 10-yr incidence of hearing impairment.
Model 1 Model 2 Risk factors
Hazard ratio (95%CI) Hazard ratio (95%CI)
Age (5 yr Table 4 Cox proportional hazards model for 10-yr incidence of hearing impairment among participants employed at the baseline examination.
Age (5 yr Ventry, 1982; Dalton et al., 2003) . Few older adults with hearing impairment receive treatment (Popelka et al., 1998) , and treatment options are limited primarily to hearing aids which may not restore optimal auditory function although they have been shown to improve speech recognition (Larson et al., 2002) . Our findings suggest that age-related hearing impairment represents a significant public health problem, particularly as the number of older adults continues to grow, with improvements in life expectancy and the aging of the baby-boom cohort. In this study, men were more likely to develop a hearing impairment than women, after adjusting for age, and were affected about 6 yr sooner than women. This pattern is well-known from earlier cross-sectional studies, and in our cohort, is not explained by differences in age, occupation or exposure to noise suggesting that other behaviors, or hormonal factors, may contribute to the relative protection experienced by women (Cruickshanks et al., 2003, in press ). Nonetheless, hearing impairment is an important health problem for women as well as men, as the incidence was high in both groups (34% for women and 43% for men). Women need to be aware of the importance of monitoring hearing function as they age, and physicians need to ensure that female, as well as male patients are referred for appropriate treatment. Other studies, including animal models, suggest that some of the female advantage may be due to hormonal effects lost at menopause (Guimaraes et al., 2004; Hederstierna et al., in press ).
Most people with hearing impairment at the baseline examination experienced a decline in hearing during this 10-yr period, consistent with earlier reports of declining thresholds over time (Gates and Cooper, 1991; Brant et al., 1996; Cruickshanks et al., 2003; Lee et al., 2005; Wiley et al., 2008) . Men were slightly less likely to experience a decline which may reflect their worse hearing at baseline (closer to the limits of audiometers to measure hearing limiting the change that could be measured) or true gender differences in the rate of decline. We have previously reported frequency-specific analyses which demonstrated that 10-yr thresholds were worse for men than women at most frequencies, adjusting for baseline threshold level (Wiley et al., 2008) . Women may experience a delay in onset but then worsen at a slightly faster rate at least at some frequencies; men may have an earlier onset and then more gradual decline (Lee et al., 2005; Wiley et al., 2008) . Changing hormonal levels around menopause may be important in explaining these gender-specific patterns. Similar patterns have been observed in mice where older female mice had worse thresholds than male mice, although there was little gender difference at young ages (Guimaraes et al., 2004) , consistent with accelerated rates of decline in older female mice. Recently, one small human study demonstrated that the rate of hearing decline may differ by time since menopause (Hederstierna et al., in press) . However, other studies have suggested that hormone replacement therapy may have detrimental effects on hearing (Guimaraes et al., 2006; Price et al., 2009) , highlighting the need for additional investigation of the complex effects of hormones on auditory function. For both men and women the extremely high rates of continued decline point to the importance of identifying new treatments to stop the decline in hearing function over time. In addition, better methods to restore good hearing function are needed to minimize the negative impact of hearing impairment on older adults' quality of life and ability to communicate.
Education, occupation group, and marital status, indicators of socioeconomic status were associated with the 10-yr cumulative incidence of hearing impairment. These results are consistent with most earlier cross-sectional studies and with our earlier 5-yr findings (Cruickshanks et al., , 2010 . Socioeconomic status has been linked to mortality, cardiovascular disease, and other chronic diseases (Marmot et al., 1991; Kaplan and Keil, 1993; Dalstra et al., 2005) . Possible mechanisms include clustering of poor health behaviors (e.g., increased exposure to smoking, higher alcohol consumption, more atherogenic diets, increased obesity, etc.) or through biological effects of increased stress (dysregulation of hormonal function and/or increased inflammation) (Power et al., 2008; Miller et al., 2009) . These strong associations with socioeconomic status suggest that presbyacusis is, at least in part, a preventable disorder.
Noise exposure was not associated with the 10-yr incidence or progression of hearing impairment. In this largely retired population, occupational noise exposure may have contributed to hearing impairments present at the baseline examination (Cruickshanks et al., 1998b) , but there was no evidence of any residual effect on long-term risk of declining hearing sensitivity among people with normal hearing at the baseline examination. Even among those exposed to occupational noise at the baseline examination, there was no evidence of an effect. These results are consistent with the study by Lee et al. (2005) which measured hearing repeatedly, and reported no difference in the rate of change between people with and without positive noise histories. In the Framingham Study, people classified as having notched audiograms experienced greater declines at some frequencies than those without notches (Gates et al., 2000) . Although the authors suggested that the notches represented noise damage, we have recently shown that some methods for defining notched audiograms do not show good agreement, and they are not consistent indicators of noise exposure history (Nondahl et al., 2009) .
Although occupational noise exposure may be an important source of auditory damage in industrial workers, it is possible the effects have been over-estimated as few studies included multivariate models, considering other factors. Some studies have suggested that noise exposure may act to ''toughen" or protect the ear from damage during subsequent exposure to excessive noise (Subramaniam et al., 1991; Boettcher et al., 1992) . Therefore, our failure to find an association may reflect the impact of the opposite effects of potentially protective effects of variable noise exposure typical in most occupations and damaging effects of loud occupational noise exposures. Our data suggest that, on a population-basis, there is little evidence that prior occupational noise exposure plays an important role in the onset or progression of hearing impairment in older adults followed for 10 yr. However, longitudinal, population-based studies of younger adults may be needed to determine the association between noise history and early onset of hearing impairment.
This study adds important information about the long-term risk of hearing impairment in older adults. Among its strengths are the large, population-based cohort design, high follow-up rates throughout the 10-yr period particularly among those at risk for incident hearing loss, use of established, standardized testing methods for measuring hearing thresholds, multiple measures of socioeconomic status, and extensive occupational histories, including noise exposure questions. However, there are limitations that are important to consider. Our definition of incident hearing impairment is clinically oriented, using standardized pure-tone air and bone-conduction audiometry. It is possible that other measures of hearing such as complex speech understanding tasks may be more sensitive for detecting noise effects. Our noise questions provide an imprecise estimate of noise exposure, may not accurately capture exposure to noise levels thought to damage hearing and do not provide information on cumulative dose or duration of exposure. Thus, we may have failed to find an association because of measurement error. However, our questionnaire is a modification of one used in previous studies of occupational noise exposure (Talbott et al., 1985 (Talbott et al., , 1990 and we did detect an association with the prevalence of hearing impairment (Cruickshanks et al., 1998b) , as would be expected since prevalent cases at the baseline examination would include people who acquired hearing impairments during the time they were employed in noisy jobs. Thus, our negative finding suggests that noise exposure has at most only a small effect on the development of hearing loss at older ages, after the exposure has stopped.
Our study has shown that age, sex, education, marital status, and occupation, but not occupational noise exposure, are independently associated with the 10-yr cumulative incidence of hearing impairment. Reasons for the female advantage are not known, but this pattern, along with the socioeconomic gradient, support the notion that presbyacusis is a preventable disorder affecting older adults. Women and men, and older people of any age, are at high risk of developing hearing impairments. Identifying other factors important in the etiology of hearing impairment may lead to new methods to prevent the onset of this disorder. In addition, with the aging of the population, and the high risk, hearing impairment represents an important public health problem. Additional research on barriers to hearing aid utilization, effective screening programs and treatments to restore auditory function and reduce the impact on quality of life in older adults is warranted.
